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Three-dimensional (3D) graphene networks are attracting ever-increasing attention in the field of energy

storage because their unique architecture at macroscopic scales is beneficial for effective electron and

ion transport. Herein, a novel interconnected 3D graphene mesh network (3D GMN) was successfully

designed and fabricated by folded Ni meshes assisted chemical vapor deposition method. The structure

parameters of 3D GMN can be controlled well by tuning the period of Ni mesh and the electroplating

time. With the increase of the density of 3D GMN, the electrical conductivity of 3D GMN and the thermal

conductivity of 3D GMN/epoxy composite are greatly improved compared to that of the 3D graphene

foam. This 3D GMN enables the high capacity of 57 mA h g�1 in an aluminum ion battery at the ultra-

high rate of 40C with capacity retention of 96.5% after 200 cycles.
1. Introduction

Graphene, a novel super-carbon material, has attracted
tremendous attention due to its signicantly excellent physical
properties, such as high electrical and thermal conductivities,
large specic surface area, and excellent mechanical proper-
ties.1–3 It can be widely used in the elds of electronic devices,
energy harvesting and storage, and composites etc.,4–9 which
might play a revolutionary role in the near future. However, in
most applications using graphene in composites, it is very
essential to integrate graphene into a macroscopic structure to
give full play to its advantages.10–12

To date, numerous three-dimensional (3D) graphene archi-
tectures have been successfully constructed, including lms,13

networks,14,15 tubes,16 bers and spheres etc.17,18 These graphene
materials have been widely used in the elds of supercapacitors,
lithium ion (Li-ion) batteries, solar cells, catalysts, sensors and
environments.19–25 Among all the methods, the conventional 3D
macroscopic graphene structure is constructed by assembling
graphene powders in different ways, such as ltration,26 freeze-
drying,27,28 self-assembly processes.29,30 Qiu et al. reported an
ultralight and superelastic graphene-based cellular monoliths
with extremely high recovery rate and high energy absorption
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ability by the freeze-dryingmethod.28 Recently, additive-free and
homogenous graphene sponges were synthesized by the self-
assemble process, which exhibited excellent mechanical prop-
erties with recovery up to 98% compression in air and 90% in
liquids at �196 to 900 �C.31 However, it has to be mentioned
that the graphene powders currently used are of low quality due
to the unavoidable defects formed during the fabrication
process, no matter the modied Hummer's methods32,33 or
liquid-phase exfoliation methods,34 which greatly hinders the
applications of graphene in practice. Alternatively, chemical
vapor deposition (CVD) method is well-known as a reliable
method to prepare high quality graphene with few defects and
high electrical conductivity.35–37 Besides producing graphene
lms as transparent conducting lms, 3D graphene architec-
tures can also be obtained through template-assisted CVD
process.38,39 Chen et al. rstly reported the fabrication of 3D
graphene foam by CVD process at 1000 �C with the help of Ni
foam as template substrate.40 This 3D interconnected graphene
foam completely duplicates the architecture of Ni foam with
pore size of 300–500 mm, which has been widely used in
supercapacitors, Li-ion battery and aluminium-ion (Al-ion)
battery applications.41–43 However, the 3D graphene foam as
a replica of Ni foam with large pores is of ultra-low volumetric
density, which might result in low volumetric capacity in energy
storage. Moreover, it plays a neglected role in the properties of
3D graphene based composites due to the ultra-low content.
Thus, the fabrication of high density 3D graphene network with
tunable architecture is becoming a signicant topic for reach-
ing higher performance on related applications.44,45

In this work, a novel 3D graphene mesh network (3D GMN)
was successfully designed and fabricated through folded Ni
meshes assisted CVD process, as shown in Fig. 1. The Ni mesh
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Fig. 1 Schematic of the fabrication process of 3D graphene mesh
network.
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 was folded and subsequently bonded by electroplating Ni on

surface. 3D GMN can completely duplicate the architecture of
3D Ni mesh network aer CVD and subsequent etching process.
Thus, the structure parameters of 3D GMN can be well adjusted
separately by tuning the layers, period of Ni mesh and the
electroplating time. As increasing the density, the physical
properties of 3D GMN can be well optimized, which is very
important to reach higher performance on 3D GMN based
composites. Impressive battery performance was achieved by
using high density 3D GMN as cathode in Al-ion battery.

2. Experimental

Fig. 1 presents the typical fabrication process of the 3D GMN. Ni
meshes with different sizes were used as the building blocks,
which were folded at a pressure of around 25MPa for 5minutes.
Aer the ultrasonication process in 1 MHCl solution, deionized
(DI) water and ethanol for 15minutes in sequence, the folded Ni
meshes were dried and then placed in an electroplating cell
containing Ni electrolyte with 270 g L�1 Ni2SO4$6H2O, 40 g L�1

NiCl2$6H2O and 40 g L�1 H3BO3. A thin Ni layer was deposited
to bond the Ni meshes at the voltage of �1 V vs. Ag/AgCl as the
reference electrode for a certain time. Aer that, the Ni meshes
were washed by DI water and ready for the growth of graphene.

The Ni meshes were placed in a tube furnace with diameter
of 5 inches. Aer heated to 1000 �C at vacuum, continuous H2

ow of 180 sccm was introduced to eliminate thin oxide layer on
surface. Subsequently, CH4 ow of 18 sccm was added into the
quartz tube for another 30 minutes. Then, the sample was
quickly cooled down by sliding the furnace to the cold side
under protection of H2 ow. Aer getting sample out of furnace,
the sample was coated with a thin layer of PMMA, and then
etched in a solution of FeCl3/HCl (1 M : 1M)mixture at 80 �C for
6 hours. Finally, freestanding 3D GMN was obtained by
removing the PMMA at 500 �C with continuous H2 ow of
180 sccm under vacuum.

The structure and morphology of the as-prepared materials
were investigated using eld emission scanning electron
microscope (FESEMHitachi S4800, 8 kV) and FEI Tecnai G2 F20
transmission electron microscopy (TEM, at the accelerating
voltage of 200 kV). The electrical property was characterized by
a multifunction digital four-probe tester (ST-2258A) and Hioki
Battery Hitester (BT3562). Raman spectra of the materials were
recorded using a Renishaw in via Reex Raman Spectrometer
with 532 nmwavelength laser. The Al-ion battery was assembled
with 3D GMN as cathode and Al foil as anode in the glove box.
The electrolyte contains AlCl3/[EMIm]Cl with mole ratio of 1 : 3.
A LAND-CT2001A battery test system (Jinnuo Wuhan Corp.,
China) was used to test the electrochemical performance. The
current density varied from 10C to 50C (1C ¼ 60 mA g�1) with
a cut-off voltage of 0–2.5 V.

3. Results and discussion

Fig. 2a–c presents the morphology evolution from 3D Ni mesh
network to 3D GMN. It can be seen that the diameter of the Ni
wires have been enlarged to 45 mm compared to that of 35 mm in
raw Ni mesh (see ESI S1†). The careful examination of Ni mesh
aer electroplating bonding process in inset image of Fig. 2a
indicates that Ni has been uniformly deposited onto Ni mesh
with a smooth surface. However, this texture has been changed
aer the CVD process that surface with obvious contract can be
observed, as shown in Fig. 2b and the inset image. The SEM
image in larger magnication in the inset of Fig. 2b reveals that
clear wrinkles appear on surface. This is similar to other re-
ported graphene lms by CVD on Cu or Ni substrates because of
the big expansion mismatch between graphite and Ni during
the cooling process.36 Aer further removal of Ni mesh, there is
no obvious morphology changes from the top view of GMN in
Fig. 2c, indicating the mechanical robustness of GMN. From the
cross-sectional view in the inset of Fig. 2c, hollow structure can
be observed, indicating that the graphene mesh completely
replicates the architecture of Ni mesh with interconnected
network. It is worth to mention that there exist some porous
carbon cores in other Ni mesh assisted CVD process.46 This
phenomenon is attributed to the impurity of Ni mesh, which
has been completely eliminated in our work (see ESI S2†). Aer
folding the Ni mesh under a certain pressure, 3D GMN can be
easily obtained through the same approach. As shown in Fig. 2d
and e, 3D GMN with thickness of 185 mm and 460 mm can be
constructed by folding 4 layers and 12 layers Ni meshes as
substrates, respectively. The neighbouring layers are well con-
nected with hollow channels inside, which benets from the
electroplating process to bond layers together. With careful
observation on the top view in Fig. 2f, the wires of underneath
layer prefer to be inserted into between two wires on top layer,
which means that a compact 3D architecture can be self-
assembled under the high pressure. Thus, volumetric density
can be maximized to reach the highest stability of 3D Ni mesh
network. The HRTEM characterization of destructed graphene
meshes demonstrates that the 3D GMN is consisted with few-
layer graphene with layers of less than 10, as shown in Fig. 2g
and h. Due to the high dissolution of carbon in Ni, the layers of
resulted graphene are mainly determined by the absorbed
carbon content and cooling speed during the CVD process.37
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Fig. 2 SEM images of (a) Ni mesh after electroplating for 8000 s, (b) graphene/Ni mesh after CVD process, (c) free-standing GMN, (d) and (e)
cross-sectional images of 4 layers and 12 layers GMN; (f) top-view SEM image of 4 layers GMN, (g) and (h) HRTEM of the freestanding GMN, and (i)
Raman spectra of 1 layer and 4 layers GMN.
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Raman spectra in Fig. 2i also demonstrate the formation of few-
layer graphene with IG/I2D of 1.5. There is negligible D peak on
the Raman spectrum suggesting the formation of high quality
graphene mesh network with few defects. It can be concluded
that the high density 3D graphene mesh networks with high
quality have been successfully fabricated through the folded Ni
meshes assisted CVD process.

In this work, besides the electrodeposition of Ni can help
bonding the Ni mesh for the formation of interconnected
network, it can also effectively adjust the structure of nal 3D
GMN by adjusting the electrodeposition parameters, as shown
in Fig. 3a. Fig. 3b–d presents the morphologies of 400 mesh Ni
network aer electroplating for different time and the corre-
sponding 3D GMN in the inset images. The spacing of original
400 mesh Ni network is about 35 mm. The spacing between the
neighbouring Ni wires can be adjusted to 25 mm, 18 mm and
8 mm aer electroplating for 8000 s, 12 000 s and 18 000 s,
respectively. The insets in Fig. 3b–d demonstrate that the
diameters of corresponding 3D graphenemesh network are well
consistent with that of electroplated Ni wires. With the increase
of the electroplating time, the pore size of 3D GMN increases
while the spacing between wires decreases accordingly. On the
other hand, the periods of 3D GMN can also be tuned by
employing different Ni meshes. As shown in Fig. 3e and f, the
ratio between wire size and pore size in 60 meshes Ni network
aer electroplating for 8000 s is only 26.8% with period of
410 mm, while the ratio becomes 28.1% in 120 meshes Ni
network aer electroplating for 8000 s with period of 228 mm.
To further improve the ratio between wire size and pore size of
120 meshes Ni network to �50%, the electroplating time has to
be prolonged to 15 000 s since the increase of Ni wire in larger
diameter requires longer electroplating time. Aer removal of
Ni meshes, the diameter of hollow graphene reaches 107 mm in
this 3D GMN, as shown in the inset image of Fig. 3g. Thus, the
as-prepared 3D GMN can be well controlled in size of from
several to hundreds of micrometers with the adjustment of
electroplating time and the use of different Ni meshes, which
present the best candidate as the tunable conducting matrix for
optimizing the physical properties and hence enhancing energy
storage performance.

The tuning ability of this method plays the signicantly
important role in adjusting the physical properties of 3D gra-
phene mesh network and the related composites. As shown in
Fig. 4a, as increasing the layers of Ni meshes, the thickness of
3D GMN increases accordingly. The corresponding sheet resis-
tance can be reduced from 8.2 ohm ,�1 of one layer graphene
mesh to 1.9 ohm,�1 of 12 layers graphene mesh network. It is
noteworthy that, even though the thickness of 3D graphene
mesh network is much thinner than that of the commercially
used 3D graphene foam, the sheet resistance of 3D GMN is only
half of the 3D graphene foam sheet resistance, demonstrating
the much higher electrical conducting ability of the high
density 3D GMN. As calculated in electrical conductivity, that of
the 3D GMN can be greatly increased as decreasing the periods
of Ni mesh, as shown in Fig. 4b. However, the electrical
conductivity slightly decreases as increasing the thickness
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Fig. 3 (a) Structure parameters of 3D GMN, and the corresponding SEM images of nickel mesh after electroplating for different time and
graphene growth: (b) 400 meshes template after electroplating for 8000 s, (c) 400 meshes template electroplated for 12 000 s, (d) 400 meshes
template after electroplating for 18 000 s, (e) 60 meshes template after electroplating for 8000 s, (f) 120meshes template after electroplating for
8000 s, (g) 120 meshes template after electroplating for 15 000 s.

Fig. 4 (a) Sheet resistance of 3D GMN with 400 meshes template, (b)
electrical conductivity of 3D GMN with different layers and periods,
and electrical-resistance variation of 3D GMN/PDMS composite under
(c) stretching and (d) bending statuses; SEM images of (e) 3D GMN/EP
and (f) graphene foam/EP composites; and (g) the corresponding
thermal conductivities of 3D graphene foam/EP and 3D GMN/EP
composites.
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which is possibly due to less diffusion of carbon source and
hence less graphene formation in the interior part of thicker
samples. Finally, the 3D GMN with 12 layers Ni meshes exhibits
the electrical conductivity of 11.57 S cm�1, which is more than
twice higher than that of graphene foam of 4.82 S cm�1. In
addition, this high density 3D GMN, consisted of 400 meshes Ni
mesh aer electroplating for 8000 seconds, still remains excel-
lent mechanical stability. As shown in Fig. 4c, the sheet resis-
tance increases by only 11% with a stretching ratio of 11% and
33% with the stretching ratio of 33%, which is similar or
superior compared to other reported 3D graphene architec-
tures.40,45 Furthermore, the composite consisted of 3D GMN and
PDMS can undergo repeated bending with slight increase of
sheet resistance, as demonstrated in Fig. 4d. Even with the
bending angle as large as 170�, only 6% sheet resistance varia-
tion accrued. It can be fully recovered to the original value as
releasing the sample, which suggests the excellent exibility. On
the other hand, this high density 3D GMN can be composited
with epoxy polymer (EP) to improve the thermal conductivity of
EP. Fig. 4e and f presents the morphologies of graphene foam/
EP and 3D GMN/EP composites. It can be seen that EP has
completely occupied all the voids inside the graphene foam and
3D GMN, while these graphene networks keep their shapes aer
EP loading. As shown in Fig. 4g, the original thermal conduc-
tivity of EP is 0.199Wm�1 k�1. Aer introducing graphene foam
as the conducting matrix inside, the thermal conductivity of
graphene foam/EP composite reaches 0.657 W m�1 k�1, which
is 3 times higher than that of the pure EP. The thermal
conductivity of 3D GMN/EP composite can be further improved
to 1.15 W m�1 k�1, which is 6 times higher than that of pure EP
and 2 times higher than that of graphene foam/EP composite.
The results demonstrate that the higher density of 3D GMN
would signicantly enhance the electrical and thermal proper-
ties of the matrix and the composites.
An excellent electrical conducting matrix is very important
for achieving high battery performance especially in ultrafast
energy storages. For example, more recently, Dai et al. reported
an impressive ultrafast Al-ion battery by employing graphene

http://dx.doi.org/10.1039/c6ra06467a


Fig. 5 (a) CV curve, (b) rate performance and (c) cycling performance of 3D GMN with 4 layers 400 mesh network based Al-ion battery.
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foam as the cathode.43 In current work, the high density 3D
GMN with 4 layers 400 mesh network can be directly used in
energy storage for optimizing the battery performance because
of its excellent electrical and thermal behaviour as demon-
strated above. Fig. 5a presents the typical CV curve with two
redox couples which can be attributed to the reversible
insertion/extraction of AlCl4

� anions.43 Excellent rate perfor-
mance can be seen in Fig. 5b, as increasing the current density
from 10C (1C ¼ 60 mA g�1) to 50C, the 3D GMN based Al-ion
battery reveals a stable high capacity of 56 mA h g�1 even at
an ultrahigh rate of 50C, which is very close to the gravimetric
capacity of 60 mA h g�1 in Dai's report. The negligible uctua-
tionmight be due to system error since it is tested at such a high
rate. It is worth to emphasize that the volumetric density of 3D
GMN is 15.7 mg cm�3 which is almost 6 times higher than that
of graphene foam of 2.7 mg cm�3. It means that, with using this
high density 3D GMN, the volumetric capacity can be improved
by almost 6 times while the gravimetric capacity keeps similar.
The 3D GMN based Al-ion battery is also very stable and its
discharge capacity can be remained at 57 mA h g�1 at 40C with
capacity retention of 97.5% aer 200 cycles, as shown in Fig. 5c.
The slight drop of capacity is mainly due to the instability of
electrolyte, which can be recovered by changing new electrolyte
aer cycling.
4. Conclusion

In summary, a novel 3D GMN has been successfully fabricated
by folded Ni meshes assisted CVD process. The structure
parameters can be well controlled by the adjustment of Ni mesh
and electroplating parameters. As a result, as increasing the
density of 3D GMN, the electrical conductivity of 3D GMN and
the thermal conductivity of 3D GMN/EP composite can be
greatly improved compared to that of commonly used graphene
foam. Finally, ultrafast Al-ion battery can be obtained by
employing this high density 3D GMN as cathode, which reveals
similar gravimetric capacity but much higher volumetric
capacity. This work provides a brand new interconnected 3D
graphene structure with high tuning ability, which would be
extended for the applications of elastic conductors, super-
capacitors, Li-ion batteries and sensors etc.
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